Summary Comparison of infrared spectroscopic images of sections from biopsies of placebo-treated post-menopausal women and women treated for 3 years with 10 mg/day alendronate demonstrated significant increases in cortical bone mineral content, no alterations in other spectroscopic markers of "bone quality," but a decrease in tissue heterogeneity. Methods The material properties of thick sections from iliac crest biopsies of seven alendronate-treated women were compared to those from ten comparably aged postmenopausal women without bone disease, using infrared spectroscopic imaging at ∼7 μm spatial resolution. Parameters evaluated were mineral/matrix ratio, crystallinity, carbonate/amide I ratio, and collagen maturity. The line widths at half maximum of the pixel histograms for each parameter were used as measures of heterogeneity. Results The mineral content (mineral/matrix ratio) in the cortical bone of the treated women's biopsies was higher than that in the untreated control women. Crystallinity, carbonate/protein, and collagen maturity indices were not significantly altered; however, the pixel distribution was significantly narrowed for all cortical and trabecular parameters with the exception of collagen maturity in the alendronate treatment group. Conclusions The increases in mineral density and decreased fracture risk associated with bisphosphonate treatment may be counterbalanced by a decrease in tissue heterogeneity, which could impair tissue mechanical properties. These consistent data suggest that alendronate treatment, while increasing the bone mass, decreases the tissue heterogeneity.
Introduction
Fourier transform infrared (FTIR) imaging spectroscopy [1] has previously been used to characterize the distribution of mineral content, mineral crystallinity, acid phosphate content, carbonate content, and collagen maturity in human bone biopsies at ∼10 μm spatial resolution [2] [3] [4] [5] [6] [7] [8] [9] [10] . While it is well accepted that whole bone strength is related to the bone mineral content, these other spectroscopic parameters have been correlated with whole bone and nano-indentation mechanical properties [11] [12] . The mechanical parameters have also been correlated with related Raman spectroscopic parameters [13, 14] . Recently, we reported that, in both low-and high-turnover osteoporosis, the distribution of these spectroscopic properties was narrowed [9] , showing a more homogeneous distribution of properties, and by analogy with composite materials [15, 16] , we and others have suggested that a decrease in tissue heterogeneity was deleterious [17] [18] [19] [20] [21] .
Fratzl has attributed the heterogeneity of bone seen on measurement of bone mineral density distribution (BMDD) to site specific variations in the individual activities of bone structural units and the extent of primary and secondary mineralization that has occurred [22] . His group has found that values and distributions of BMDD that are different from normal are associated with disease states [22] . While BMDD provides information on the mineral content of the tissue, FTIR imaging spectroscopy can also show the distribution of other material properties (mineral composition, collagen maturity) along with the distribution of mineral content.
Serial bone biopsies from patients treated with the bisphosphonate risedronate studied by FTIR imaging spectroscopy demonstrated increased mineral content, yet decreased crystallinity and matrix maturity, but tissue heterogeneity was not assessed [10] . However, earlier studies using microradiography or backscatter electron imaging found a reduction in BMDD heterogeneity with risedronate [19] and alendronate (ALN) [23, 24] treatments, which was attributed to prolonged secondary mineralization. The goal of the present study was to test the hypothesis that treatment with the more commonly used antiresorptive, alendronate, would similarly result in greater mineral content but would increase the uniformity (decrease the heterogeneity) of both this and other material properties measured by FTIR imaging. Because it is difficult to obtain serial biopsies, we took advantage of biopsies previously studied by histomorphometry [25] .
Materials and methods

Specimens for analysis
Transilial bone biopsies were available from a 3-year double-blind, randomized, placebo-controlled trial of alendronate in 447 healthy postmenopausal women, aged 40-59 years with menopause 6-36 months before enrollment [25] , corresponding to a time now known to be the period of maximum bone loss [26] . This was a prevention trial and BMD for all participants at baseline was within two standard deviations of the normal mean value. Women with disorders of bone and mineral metabolism (including Paget's disease of bone, vitamin D deficiency, and hyperparathyroidism), nontraumatic fractures, previous treatment with bisphosphonates or treatment within the year before enrollment with estrogen, progestin, calcitonin, glucocorticoids, anticonvulsant drugs, phosphate-binding antacids, or more than normal daily amounts of vitamin A or D were excluded. At baseline, bone mineral density in the participants was approximately 10% below the mean values for young adult women, and the placebo recipients lost up to 3-4% of bone density at the spine, femoral neck, and trochanter during the trial, indicating these women were experiencing postmenopausal bone loss [25] . Sevenmillimeter diameter biopsies with two cortices and the intervening cancellous bone intact were on hand from the placebo [initial age, 51.3±0.4 (SEM) years] and oral alendronate [initial age, 52.1±0.3 (SEM) years] at 10 mg/ day groups. Seven PMMA embedded iliac crest biopsies from osteoporotic women treated (3 yrs) with alendronate, ALN (10 mg/day×3 years), and vitamin D and calcium, and ten biopsies from the placebo (vitamin D and calcium) group were provided by one of the authors (R.S.W.) under an IRB-approved protocol to reexamine the archival specimens from the trial [25] .
FTIRI
The biopsies were sectioned at 2 μm on a Jung-K microtome, and three to five sections mounted on barium fluoride windows (SpectraTech, Hopewell Junction, NY, USA) and used for FTIR imaging analyses of three to five randomly selected regions, each of cortical and cancellous bone [1] . Randomly selected areas were assayed to insure inclusion of different regions of the biopsy section for each individual. In brief, spectra (see Fig. 1 ) were acquired with a Perkin Elmer Spectrum Spotlight 300 Imaging System (Perkin Elmer Instruments, Shelton, CT, USA), consisting of a step-scanning FTIR spectrometer with an mercurycadmium-telluride focal plane array detector placed at an image focal plane of an IR microscope. Images were collected in transmission mode at a spectral resolution of 4 cm −1 in the frequency region comprised between 2,000 and 720 cm −1 with an IR detector pixel size (6.25× 6.25 μm) with cortical and cancellous bone analyzed separately. Background (IR window only) and PMMA spectra were collected for each section analyzed, and these spectra were used for correction of the sample spectral data using ISYS software (Spectral Dimensions, Olney, MD, USA). Spectra were base-lined and the PMMA contribution subtracted using ISYS software.
FTIRI parameter evaluation
The parameters calculated for each image as described in detail elsewhere [1] were mineral-to-matrix ratio (linearly related to mineral content) calculated as the ratio of the integrated areas under the phosphate (920-1180 cm
band to that of the Amide I band (1596-1710 cm −1 ), and carbonate-to-phosphate ratio (level of carbonate substitution in the HA crystal) calculated as the ratio of the integrated area of the carbonate peak (852-890 cm −1 ) to the phosphate area. Because phosphate was found to increase while amide I was relatively constant, the carbonate to amide I ratio was also calculated. The crystallinity (XST, related to crystallite size and perfection as determined by xray diffraction) was calculated as the intensity ratio of phosphate subbands at 1030 and 1020 cm −1 . The collagen cross-link ratio (XLR) was calculated as the intensity ratio of Amide I subbands at 1660 and 1686 cm −1 ; the 1686 subband differs in position based on that previously used [5] and was chosen based on curve-fitting of the amide I peak obtained after spectral subtraction of PMMA. Mean and standard deviations for the three to five images in each bone type were calculated and compared. The values were then averaged for the groups (ALN) vs. control, and differences in each parameter calculated by analysis of variance.
Heterogeneity
The spatial distribution of each parameter in each image was calculated as the full width at half maximum (FWHM) from the pixel histogram for each image, and these values averaged as above. FTIR parameters and heterogeneity of each parameter analyzed were compared by ANOVA, with Bonferroni p<0.05 accepted as significant. Data was displayed as pixel images for each of the parameters, as averaged values for each data group and average FWHM for each parameter in each data group.
Results
Retrospective data
The biopsies used for these analyses were selected from samples previously shown to have comparable starting BMD, no confounding factors to prevent them from participating in the study. The results of the 1994-1997 trial showed that alendronate at 10 mg/d increased BMD from baseline at the lumbar spine, femoral neck, trochanter, and total body by 1% to 4%, while placebo led to losses of 2% to 4% at these sites. Alendronate also decreased biochemical markers of bone turnover [25] .
FTIRI Figure 1 illustrates a typical FTIR spectrum of adult human cortical bone showing the spectral areas of interest for the analyses described here. In agreement with our primary hypothesis, as seen in Fig. 2 , compared to the placebo control biopsies, alendronate treatment resulted in a significantly increased mineral-to-matrix ratio (p=0.03) in cortical bone, and the ratio tended (p =0.055) to be increased in the trabeculae. Carbonate-to-phosphate peak area ratio was significantly decreased (p<0.01) relative to control in all ALN-treated bone (cortical and trabecular); however, there was no significant change in carbonate-toamide I ratio. Carbonate-to-amide I was not altered, indicating that the carbonate-to-phosphate ratio was decreased due to the elevated phosphate content. There was a slight but not significant increase in crystallinity in the trabecular and cortical bone of the ALN-treated group relative to the placebo group, and a slight decrease in collagen cross-link ratio in both cortical and trabecular bone relative to the placebo group. Typical images for representative parameters in ALN and control groups are shown in Fig. 3 apparent from these figures that the mineral content is increased, as was shown by the averaged data in Fig. 2 .
Heterogeneity
The FWHM was calculated from the pixel histograms for each individual image as illustrated in Fig. 4a . The width of the FWHM reflecting the heterogeneity of each of the measured parameters was decreased for all parameters in the ALN-treated cases (Fig. 4b) , but significant differences in uniformity (narrowing of the bands) was seen for mineral-to-matrix ratio, carbonate-to-phosphate ratio, carbonate-to amide I ratio, and crystallinity in cortical bone, and for carbonate-to-phosphate ratio, carbonate-toamide I ratio, crystallinity, and collagen cross-link ratio in cancellous bone, perhaps reflecting the increased turnover of cancellous bone.
Discussion
In this study of 17 biopsies of ALN-treated and placebotreated post-menopausal women biopsied 3 years after treatment started, we found that ALN treatment resulted in greater cortical bone mineral content, a decrease in bone carbonate-to-phosphate ratio (reflecting the increased phosphate content), but no other statistically significant changes in material properties as determined by FTIR imaging. The observation that the increase in mineral content in the cortical bone was significant but that in trabecular bone was not (p=0.06) most likely reflects the much greater variation in the spatial distribution of trabecular mineral content [3] . In agreement with earlier studies based on quantitative back-scatter electron imaging of ALN-treatment of minipigs and humans, and of mice with osteogenesis imperfecta [23, 24, 27] , we found that the ALN treatment decreased the bone mineral content heterogeneity. Additionally, decreases in heterogeneity were found for crystallinity, carbonate content, and collagen maturity.
Tissue heterogeneity
Bone is heterogeneous due to its constant remodeling, and the different rates at which mineralization (both primary and secondary) occur [21] . This heterogeneity is reflected in the distribution of bone mineral density, mineral crystal composition, and collagen maturity. Too high a mineral content is known to make bones more brittle [28] , while too Values shown for carbonate/phosphate ratio (C/P) and carbonate/amide I ratio have been multiplied by 100 for ease of presentation, crystallinity (XST), and collagen maturity ratio (XLR) values multiplied by 10. *p<0.05 relative to placebo control low a mineral content makes them less stiff. The heterogeneity of individual trabeculae are thought to affect the mechanical properties of the whole bone [29, 30] . There is obviously an optimal distribution of the amount of mineral, where both too much and too little uniformity leads to more brittle and more ductile, less stiff bone, respectively [28] . We suggest that it is not only the amount of mineral in the bone packets but also the properties of the mineral crystals and the matrix that affect bone strength. The decrease in heterogeneity of the FTIR parameters seen in the alendronate-treated subjects is reminiscent of the changes noted in a back scatter electron imaging investigation of biopsies from post-menopausal women treated with the bisphosphonate risedronate [19] and their placebotreated controls at 3 years after the start of treatment. In that study, greater mineral content and a lesser heterogeneity was also noted, although by 5 years, the heterogeneity had increased, suggesting that new bone formation was occurring. In analysis of those same biopsies, FTIR imaging analyses found that the increase in crystallinity and collagen maturity seen in the placebo was prevented by risedronate treatment at 3 and 5 years. While the heterogeneity of the FTIRI parameters was not assessed directly, the sizes of the error bars suggest that the distributions were narrowed for crystallinity but not for the collagen cross-link ratio [10] . Most interesting, in agreement with the present study, in the study of the effect of bisphosphonate on BMDD [19] , the control group, which is similar to those in the present study, were treated with calcium and vitamin D, showed a broadened (more heterogeneous) BMDD peak width [29, 31] . This observation and the increase in mineral content observed in the placebo group in the BMDD study implied that vitamin D and calcium could have been suppressing remodeling resulting in older mean tissue age.
Boivin et al. [32] , in a study of 53 post-menopausal women treated for a similar amount of time (3 years) with the same dose of ALN (10 mg/day) as used in the present study, reported an 11% increase in the degree of mineralization of cortical and cancellous bone assessed by quantitative microradiography, along with greater mineral homogeneity, again in agreement with our findings. The question is whether more homogeneous bone, both in terms of mineral content and the composition of the mineral crystallites, has a positive or negative effect on fracture risk and bone mechanical properties.
Bisphosphonate use
The bisphosphonates are widely recognized as effective therapies for increasing bone mass and reducing fracture risk in osteoporosis [33] [34] [35] [36] . Even after 10 years of treatment with 10 mg/day ALN, no deleterious effects were noted in two large clinical trials [33, 35] . However, recently there have been a limited number of reports of unexplained subtrochanteric fractures in patients taking alendronate [37] [38] [39] [40] . The increased brittleness of the bones associated with "over-suppression" of bone remodeling in this small group of patients might be accounted for by the decreased heterogeneity of the bones that we noted in our study. However, it will be necessary to expand this study to additional cases to substantiate this suggestion.
Study limitations
It must be noted that the conclusions of this study are limited by the small sample size available for analysis and the fact that we did not have pre-and post-treatment biopsies. To address this concern, we are currently doing two short-term studies of alendronate treatment in nonrodent models of osteoporosis. In the absence of matched pairs, our results and conclusions must be tempered. This is particularly true because Burr has reported that with age, there is a similar loss of new bone mineral and greater homogeneity of the tissue [18] . Both of these, increasing mineral content and decreasing heterogeneity can have a similar effect, making the tissue more brittle. However, from the results of this study, even though the age range in the two groups were similar, because we did not have baseline data, we cannot separate drug and aging effects.
The second limitation of the study is that the patients, who were osteopenic but not osteoporotic, were treated with alendronate for only 3 years. While we have seen measurable short-time changes in mineral parameters with a SERM [1] , the risedronate study of material properties reported findings similar to those for alendronate at 3 years but evidence of increased heterogeneity at 5 years [10] . Since in a large clinical study, women treated with a similar dose of alendronate for as many as 10 years did not show adverse effects [33, 36] , it is likely that the advantageous increase in bone mineral density in most patients far outweighs the disadvantage of decreased heterogeneity. Many more specimens would need to be evaluated to reach any stronger conclusion.
Conclusion
We suggest that alendronate, while increasing bone mineral density and thereby enhancing the mechanical properties of the bone, has the potential to have negative effects. These negative effects are not seen in the majority of treated patients; however, analyses of the tissues from a randomly selected group of post-menopausal women treated 3 years with alendronate, and Ca and vitamin D or only with Ca and vitamin D (placebo control) in the absence of adverse effects continuously demonstrated a decrease in tissue heterogeneity, which we speculate, combined with other factors, could contribute to increased brittleness of the bone in some patients.
